Introduction
Two years ago LASL's Accelerator Technology Division initiated a program to investigate the properties of the RFQ accelerating structure, a concept originally proposed by Kapchinskii and Teplyakov.
The operation of an RFQ system in the USSR has been described previously.2 Our development of this structure, the first outside the USSR, has culminated in a successful experimental test3 of the RFQ principle. We conclude that the RFQ is an attractive ion accelerator for many applications in the energy range below about 2 MeV/nucleon. Papers The RFQ uses rf transverse electric fields to focus ions traveling along its axial region. Figure 1 is a schematic section of the RFQ resonator. It operates in a modified TE210 mode in which the currents flow transversely to the z-axis. The current flow results in + -+ -polarities on the pole tips at a certain time, thus producing a quadrupole focusing, or defocusing, force in a given transverse plane. Onehalf cycle later these forces reverse sign to produce an overall strong focusing effect. The focusing force at a given time is spatially continuous along the z-axis. If the pole tips have a constant radius, only a radial focusing force is present. In Fig. 1 the pole tips have a sinusoidal-like variation in radius. Between the x-plane and y-plane pole tips this variation in radius is shifted by~X/2. This pole-tip modulation produces longitudinal accelerating fields in addition to the transverse focusing field.
In conventional drift-tube linacs the focusing force, which is obtained from magnetic quadrupoles within the drift tubes, becomes too small at low velocities to confine the beam, especially at high beam currents. The RFQ can operate at a velocity below that of conventional linacs because the focusing is obtained from the velocity-independent electric force. The operation of a linear accelerator at low velocities permits adiabatic bunching of the dc input beam within the linac structure, resulting in high capture and transmission efficiencies (>90%). Adiabatic bunching is not restricted to low energy in principle, but its application at high energies becomes too costly in length. If the bunching and accelerating functions are combined so that the adiabatic bunching is done while the beam is simultaneously accelerated, the space-charge limit can be raised significantly, compared with the conventional approach in which the beam is first bunched before injection into a linac accelerator. Furthermore Thus, an RFQ can be designed to accept an intense low-velocity unbunched ion beam from a lowvoltage dc injector; then it will provide radial focusing, bunching and acceleration to about 1 MeV/nucleon in a few meters. In applying the RFQ in a specific case, it is possible to optimize its characteristics in a flexible way to obtain the desired compromise between transmission efficiency, emittance growth, beam current capacity, overall length, and power dissipation.
Techniques to provide rf power to RFQ systems have been described by Potter, et al.7 A four-vane resonator similar to Fig. 1 
Properties of the RFQ Four-Vane Resonator
The RFQ resonator can be understood in terms of the modes of a waveguide with uniform four-fold symmetrical cross section. The vane-tip potentials are assumed to be constant, independent of the z-coordinate.
For heavy capacitive loading by the vanes, two families of modes are necessary for a reasonable approximation of the field distribution, the TE21n and the TElln modes. The TMkmn designation refers to the RFQ modes analogous to the modes of a right circular cylinder. The mode with uniform vane potentials and quadrupolar fields is the TE?lo, which is the RFQ operating mode. To couple power into the RFQ without disturbing the field distribution, a coaxial manifold is used.7 The manifold is a TEM-mode resonator with angled coupling slots into each RFQ quadrant at each manifold magnetic field maximum.
Radio-Frequency Quadrupole Experimental Test
Beginning in February 1980, we conducted a fullscale experimental test3 of the RFQ principle. The test linac was designed to accept protons from a 100-keV dc injector and to focus, bunch, and accelerate to a final energy of 640 keV. The RFQ test resonator vanes had a length of 1.1 m and an o.d. of 0.15 m. Radio-frequency power was furnished by a 425-MHz klystron that was coupled to the resonator through a coaxial manifold and coupling slots. The beam dynamics design for this test and the calculated performance have been described previously.6
The reliability and the simplicity of operation of the test linac were outstanding. After an initial conditioning period, the RFQ operated continuously, accelerating a 20-mA beam current for more than a month at a duty factor of 0.1%. Also, the test has shown that the RFQ is tolerant of both constructional errors and errors in the rf resonator tuning.
Applications of the RFQ
The great flexibility inherent in the RFQ concept suggests its use in a wide variety of accelerator systems. Recently we have made preliminary beam dynamics designs for a large number of cases where the requirements were widely different. We will illustrate these by describing four systems. Each example will be discussed briefly, and most of the details will be presented in tabular form. The currents listed in the tables are the microscopic averaged electrical current and thus correspond to the average current for 100% duty factor. could extend the operation to heavier ions through uranium. Figure 4 shows the results of analyzing this RFQ with PARMTEQ; beam characteristics are plotted versus cell number. In Fig. 4(a) , the x-and yprojections of 360 particles are plotted at the point in each cell where the beam is circular. The upper and lower dotted lines give the bore dimensions. The top of Fig. 4(b) shows the bunching of 360 particles initially distributed uniformly in phase (unbunched). The ordinate is the particle phase minus the synchronous phase. At the bottom, the particle energy minus the synchronous energy is plotted. In the phase and energy plots, the dotted lines give the location of the zero space-charge separatrix. The full width at half maximum energy spread of the output beam is 5 keV/nucleon, which gives AW/W = 0.005. This energy spread could be reduced if necessary by using a debuncher cavity after the RFQ. The addition of some independently phased cavities after the RFQ would allow energy variation both above and below the nominal l-MeV/nucleon output value. 
